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While	 extensively	 investigated	 in	 thin	 film	 form	 for	 energy	materials	 applications,	
this	work	investigates	the	formation	of	APbBr3	structures	(A	=	CH3NH3+	(MA),	Cs+)	in	
silicon	 and	 oxidized	silicon	 nanotubes	 (SiNTs)	 with	 varying	 inner	 diameter.	 We	
carefully	 control	 the	 extent	 of	 oxidation	 of	 the	 nanotube	 host	 and	 correlate	 the	
relative	Si	/	Si	oxide	content	 in	a	given	nanotube	host	with	 the	photoluminescence	
quantum	efficiency	 (PLQE)	of	 the	perovskite.		 Complementing	 these	measurements	
is	an	evaluation	of	average	PL	lifetimes	of	a	given	APbBr3	nanostructure,	as	evaluated	
by	time-resolved	 confocal	 photoluminescence	 measurements.	Increasing	 Si	
(decreasing	 oxide)	 content	 in	 the	 nanotube	host	 results	 in	 a	 sensitive	 reduction	 of	
MAPbBr3	PLQE,	with	a	concomitant	decrease	 in	average	 lifetime	(τave).	We	 interpret	
these	observations	in	terms	of	decreased	defect	passivation	by	a	lower	concentration	
of	 oxide	 species	 surrounding	 the	 perovskite.	 In	 addition,	 we	 show	 that	 the	 use	 of	
selected	 nanotube	 templates	 leads	 to	 more	 stable	 perovskite	 PL	 in	 air	 over	 time	





Investigations	 of	 the	 fundamental	 properties	 of	 perovskites	 continue	 at	 a	 frantic	 pace,	 coupled	 with	
dedicated	 efforts	 in	 potential	 commercialization	 directed	 toward	 applications	 in	 light	 emitting	 diodes	
(LEDs),1-11	 lasing,12-16	 photodetectors,17-20	 and	 most	 notably,	 photovoltaics.21-26	 These	 materials	 have	 the	





The	 most	 promising	 photovoltaic	 designs	 to	 date	 employ	 a	 tandem	 silicon	 /	 perovskite	
configuration,	 reaching	 efficiency	 values	 now	 at	 28%.25	
Nevertheless,	 a	 fundamental	 understanding	 of	 interfacial	
charge	 carrier	 recombination	 between	 perovskite	 and	
silicon	 components	 is	 lacking,	 especially	 as	 layer	
thicknesses	diminish	and	the	two	semiconducting	moieties	
come	 into	 closer	 proximity.	 To	 interrogate	 such	
interactions	 in	 the	 absence	 of	 an	 active	 recombination	
layer,	we	evaluate	here	 the	 interaction	of	perovskites	with	
elemental	Si	based	on	APbBr3	(A=	MA	or	Cs)	formed	within	
the	 interior	 of	 hollow	 silicon	 nanotubes	 of	 well-defined	
morphology	 and	 composition	 (Figure	 1),	 using	
photoluminescence	 (PL)	 as	 an	 experimental	 probe.	
Perovskites	 such	 as	 MAPbBr3	 possess	 a	 number	 of	 ideal	
properties	in	this	regard:	a	direct	bandgap	(Eg	~2.3	eV)	and	
associated	strong	 luminescence	 (~530	nm)	with	significant	



















An	 additional	 consideration	 is	 the	 potential	 stability	 of	 a	 given	 perovskite	 structure	 and	
morphological	 control	 (during	 its	 fabrication)	 provided	 by	 structurally	 well-defined	 porous	
templates	 such	 as	 these	 SiNTs.	 The	 decomposition	 of	 perovskites	 can	 be	 catalyzed	 by	moisture,31	
applied	voltage,32	light,	33	and	high	temperatures,	33	all	of	which	can	seriously	affect	their	operational	
stability.	 The	 stability	 of	 perovskites	 can	 be	 improved	 with	 the	 addition	 of	 surface	 passivating	
protecting	 layers34	 or	 by	 perovskite	 encapsulation	 in	 porous	 materials	 to	 avoid	 environmental	
degradation,	as	reported	in	the	use	of	alumina,35	mesoporous	titanium	oxide,36	porous	GaN,37	porous	
silica38	 and	 silicon	nanotubes	 (SiNTs)	39-41	 for	 this	purpose.	 SiNTs	are	an	appealing	option,	 as	 they	
provide	sensitive	size	 tunability	 in	 terms	of	 inner	diameter,	Si	shell	 thickness,	as	well	as	nanotube	




templates	 of	 varying	 inner	diameter.	We	 carefully	 control	 the	 extent	 of	 oxidation	of	 the	nanotube	
host	and	correlate	the	relative	Si	content	in	a	given	nanotube	host	with	the	PL	quantum	efficiency	of	












SiNT,	 with	 a	 number	 of	 complementary	
experimental	methods	 (SEM,	TEM,	 as	well	 as	 EDX	
point	and	linescans	for	each)	confirming	successful	
perovskite	encapsulation.	 In	Figure	2,	SEM	 images	
of	 30,	 70	 and	 200	 nm	 ID	 Si	 NTs	 loaded	 with	
MAPbBr3	 are	 shown,	 with	 the	 perovskite	
nanostructures	 visibly	 evident	 at	 the	 nanotube	
tips;	corresponding	TEM	images	are	shown	in	Supp	
Info	Figure	S2.	Associated	energy	dispersive	X-ray	
(EDX)	 measurements	 (Table	 S1)	 are	 consistent	
with	 the	 theoretical	 stoichiometric	 1:3	 ratio	 for	
Pb:Br,	 and	 EDX	 line	 scans	 (Figure	 3,	 70	 nm	 ID	
SiNTs	infiltrated	with	MAPbBr3;	others	in	Supp	Info	
Fig	 S3)	 are	 consistent	 with	 the	 MAPbBr3	
nanostructures	 being	 confined	 within	 the	 tube.		
Figure	2.	SEM	of	Si	NTs	loaded	with	MAPbBr3,	a)	30	nm	ID	Si	NTs,	b)	70	nm	ID	Si	NTs	and	c)	200	nm	ID	Si	NTs.		
	
Finally,	 X-ray	 powder	 diffraction	 (XRD)	 measurements	 of	 these	 MAPbBr3/SiNT	 films	 confirm	 the	




observed	 in	 high	 resolution	 TEM	 (Supp	 Info	 Figure	 S5).	 Importantly,	 the	 interfacial	 boundary	
between	the	perovskite	and	SiNT	host	can	be	visualized	in	these	images.	
	
Prior	 to	 perovskite	 infiltration/formation,	 70	 nm	 ID	 Si	 NTs	 were	 oxidized	 in	 air	 at	 high	
temperature	(600	oC)	under	carefully-controlled	durations	(3	or	6	hrs)	to	obtain	different	ratios	of	
O:Si	 (at	%)	 ranging	 from	0.4	 to	 2.3	 (EDX-TEM,	Table	 S1).	 Selected	 SiNTs	 of	 30	 and	200	nm	 inner	
diameter	 were	 also	 transformed	 immediately/completely	 to	 fully	 oxidized	 material	 (SiO2)	 by	
annealing	 at	 700	 oC	 for	 7	 hrs	 (herein	 referred	 to	 as	 ‘SiO2/perov’).	 Irrespective	 of	 template,	 these	



















for	MAPbBr3	 in	silica.45	 In	 the	case	of	MAPbBr3	templated	by	30,	70,	and	200	nm	ID	SiNTs	 (herein	
referred	 to	 as	 perov/Si),	 a	 slightly	 smaller	 bandgap	 is	 found	 (2-2.1	 eV)	 (Supp	 info	 Figure	 S7a-b).	
Normalized	PL	spectra	 for	30,	70,	200	nm	ID	perov/SiO2	&	perov/Si	are	shown	in	Supporting	 Info	
Figure	 S7,	with	 an	 emission	maximum	observed	 for	 all	 samples	 at	 533	±	 3	nm.	Using	 confocal	 PL	
imaging	of	the	perov/Si	formed	within	the	70	nm	ID	NTs		(as	well	as	200	nm	ID	NTs),	it	is	possible	to	




for	 MAPbBr3	 housed	 within	 70	 nm	 ID	 nanotubes	 with	 different	 amounts	 of	 Si,	 tuned	 by	 careful	
oxidation	 of	 the	 as-formed	 SiNT	 films.	 Importantly,	 a	 plot	 of	 perovskite	 PLQE	 versus	 Si	 content	
(expressed	as	 the	ratio	O:Si,	varied	 from	0.4	 to	2.3)	 for	a	 fixed	nanotube	diameter	reveals	a	 linear	
increase	in	PLQE	with	decreasing	amount	of	Si	/	increasing	oxide	content	(Figure	6).		
There	are	three	possible	 factors	to	consider	 in	 interpreting	this	relationship:	1)	 increased	oxide	
passivation	 of	 defects	 or	 wider	 bandgap	 material	 in	 the	 perovskite	 phase,47-50	 resulting	 in	 an	
enhanced	PL	QE;	2)	charge	transfer	quenching	of	photo-excited	charge	carriers	in	the	perovskite	at	
the	interface	with	the	silicon,	resulting	in	a	reduction	in	PL	QE;	3)	non-radiative	energy	transfer	from	
the	 MAPbBr3	 to	 the	 Si	 nanocrystals.51,52	 The	 relationship	 between	 composition	 of	 the	 nanotube	
template	 and	 perovskite	 PL	 QE	 can	 be	 interpreted	 in	 terms	 of	 a	 Perrin-type	 static	 quenching	
model,53	 where	 the	 total	 volume	 of	 the	 quenching	 species	 can	 be	 viewed	 as	 an	 ensemble	 of	
interfacial	defects	(perhaps	induced	by	elemental	Si	nanocrystals	present	in	the	cylindrical	sheath	of	
silicon	oxide;	i.e.	the	higher	concentration	of	Si	NCs,	the	lower	the	MAPbBr3	PL	QE).	Thus	from	this	
perspective	 the	 greater	 concentration	 of	 oxide	 at	 a	 given	 interface,	 the	 stronger	 the	 intrinsic	
emission	associated	with	the	MAPbBr3.		
	
While	 one	 could	 propose	 Auger-like	
quenching	 processes54	 for	 MAPbBr3	 based	
on	an	interaction	of	perovskite	carriers	with	
Si	 carriers	 photogenerated	 in	 the	 Si	
nanostructures,	 or	 some	 type	 of	 energy	
transfer	 contribution	 between	 perovskite	
and	 elemental	 Si,	 the	dominant	 role	 of	 free	
carriers	 and	 associated	 coulombic	
interactions	in	MAPbBr3	photophysics	likely	
reduces	 these	 contributions	 relative	 to	 an	
oxide	passivation	mechanism	
	
There	 is	 a	 wide	 variety	 of	 PLQE	 values	
reported	 in	 the	 literature	 for	 MAPbBr3	 in	
general	 and	 this	 material	 formed	 within	




















While	our	 samples	here	 are	 treated	with	 a	modest	 vacuum	prior	 to	QE	measurements,	 it	 is	noted	





To	 complement	 the	 above	 PLQE	 measurements,	 confocal	 time-resolved	 (TR)	 PL	 microscopy	
mapping	was	performed	on	the	MAPbBr3	/	nanotube	platforms.	In	Figure	7	we	compare	the	samples	
corresponding	to	70	nm	NT,	either	made	of	Si	 (Figure	7a	and	d)	or	SiO2	(Figure	7b	and	e).	We	see	




















significantly	 larger,	with	 values	 between	 5	 and	 15	 ns.	 Additionally,	we	 see	 that	 the	 PL	 intensities	
(Figure	 7c)	 are	 globally	 larger	 for	 the	 SiO2	 than	 the	 Si	 one,	with	 values	 ranging	 between	500	 and	
1000	counts	instead	of	100-300	counts.	Therefore,	we	see	that	the	change	between	SiO2	and	Si	and	




at	 the	 longer	 times,	whereas	 this	 is	 not	 observed	 in	 the	 Si	 based	nanotubes.	As	 seen	 in	 Supp	 Info	
Figure	 S10,	 we	 also	 observe	 a	 decrease	 of	 the	 PL	 lifetimes	 when	 the	 diameter	 of	 the	 SiO2	 NT	
decreases	from	70	to	30	nm,	with	lifetime	values	decreasing	from	8	ns	(70	nm)	to	to	3	ns	(30	nm).	
These	microscopic	results	confirm	the	previous	discussion	and	the	interpretation	of	the	PLQE	values	
above;	 furthermore,	 such	 changes	 in	 average	 lifetime	 are	 consistent	 with	 a	 relative	 increase	 in	






samples	 ranging	 from	 freshly-prepared	 to	 35	 days	 old	 (with	 storage	 between	measurements	 in	 a	
desiccator).	From	an	analysis	of	the	data	(Figure	8),	it	is	clear	that	MAPbBr3	formed	within	a	70	nm	
ID	nanotube	is	stabilized	most	effectively	over	a	35	day	period	(retaining	ca	90%	emission	for	SiO2;	
70%	 for	 Si)	 compared	 to	 the	 bulk,	 non-templated	
control	 (~40%	 PL	 remaining).	 Another	 point	 of	
emphasis	 is	 the	 significantly	 smaller	 standard	
deviations	 observed	 for	 nanotube-templated	
perovskite	 emission	 measurements	 relative	 to	 the	
large	values	for	the	bulk,	which	degrades	in	a	rather	
heterogeneous	 manner	 (i.e.	 uniform	 emission	 for	
the	 former,	 and	 bright	 spots	 dispersed	 across	
mostly	 dark	 regions	 for	 the	 latter).	 Within	 the	
nanotube	template	samples,	 it	 is	also	clear	 that	 the	
70	 nm	 ID	 nanotube	 is	 superior	 with	 regard	 to	
stability	 to	 the	 30	 nm	 and	 200	 nm	 inner	 diameter	
nanotubes,	 similar	 to	 that	 observed	 previously	 for	







is	 not	 the	 case	 for	 the	 70	 nm	 ID	 SiNT,	where	 the	 phase	 transition	 is	 suppressed	 in	 the	 resultant	
perovskite	 that	 is	 formed.40	 For	 the	 smallest	 Si	NT	 template	 (30	nm	 ID),	 capillary	 forces	 interfere	
with	 efficient	 filling	 of	 a	 given	 nanotube	 with	 perovskite	 precursor,	 resulting	 in	 even	 smaller	
perovskite	 nanostructure	 domains	 with	 greater	 surface	 areas	 and,	 given	 the	 porous	 sidewalls,	
exposure	to	deleterious	moisture,	oxygen,	etc.41	Thus	this	structure	 is	significantly	 less	stable	 than	
the	70	nm	one.	In	general,	we	propose	that	the	greater	retention	of	PL	intensity	for	MAPbBr3	formed	






Taken	 in	 concert,	 these	 experiments	 establish	 a	 clear	 correlation	 between	 interfacial	 Si/oxide	
content	 and	 (encapsulated)	 perovskite	 PLQE;	 the	 longer	 average	 PL	 lifetimes	 for	 the	 perovskite	
housed	 in	 oxidized	 Si	 NT	 interfaces	 (‘perov/SiO2’)	 relative	 to	 the	 Si	 rich	 nanotube	 (‘perov/Si’)	
evaluated	via	confocal	PL	microscopy	are	consistent	with	these	PLQE	measurements.	While	it	is	not	
yet	possible	to	cleanly	decouple	the	role	of	oxide	passivation	from	Si	carrier-induced	quenching	of	
perovskite	 PL,	 this	 sensitive	 influence	 of	 nanotube	 composition	 on	 perovskite	 photophysics	 and	
associated	stability	affirms	 the	utility	of	 such	 relatively	well-defined	SiNT	constructs	 to	house	and	





Materials	 and	 Instrumentation.	 Lead	 Bromide	 (PbBr2),	 Zinc	 Nitrate	 (Zn(NO3)2),	 and	
Hexamethylenetetramine	(HTMA)	were	purchased	from	Sigma-Aldrich.	Methyl	ammonium	bromide	
(MABr)	 was	 purchased	 from	 Great	 Solar.	 Morphological	 characterization	 was	 done	 with	 field	
emission	scanning	electron	microscopy	(FESEM)	using	a	JEOL-JSM-7100F	operating	at	15	kV	with	an	
energy-dispersive	 X-ray	 (EDX)	 detector;	 Transmission	 electron	 microscopy	 (TEM),	 using	 a	 JEOL	
JEM-2100	 operating	 at	 200	 kV.	 Absorption	 spectra	 were	 recorded	 using	 a	 Cary	 60	
spectrophotometer;	PL	properties	were	measured	with	a	Nikon	Optiphot	Fluorescence	microscope	
with	 a	 100W	Hg	 lamp	and	 excitation	 filter	 centered	 at	 370	nm	and	 interfaced	 to	 an	Ocean	Optics	
spectrometer	with	 2048-element	 linear	 CCD-array	 detector.	 PL	 quantum	 efficiency	was	measured	
with	an	 integrated	sphere	 from	Newport	using	a	 laser	excitation	wavelength	of	405	nm	at	18	mW	
cm-2.	Selected	confocal	imaging	was	carried	out	at	TCU	using	a	Zeiss	LSM710	laser	scanning	confocal	
microscope	 with	 a	 laser	 excitation	 wavelength	 of	 458	 nm	 (15	 mW).	 Confocal	 time	 resolved	
photoluminescence	 images	 and	 single	 decays	 were	 measured	 using	 a	 confocal	 microscope	 setup	
(PicoQuant,	MicroTime	200).	The	excitation	laser	was	a	405	nm	pulsed	diode	(PDL	828-S“SEPIA	II”,	
PicoQuant,	 pulse	width	 of	 ~100	 ps)	was	 directly	 focused	 onto	 the	 perovskite	 surface	with	 an	 air	
objective	(100x,	0.9	NA).	The	photoluminescence	signal	was	separated	from	the	excitation	light	(405	











a	 given	ZnO	NW/substrate	 sample	 in	 a	quartz	 tube	 at	 530	 °C	 for	5	min	 to	 a	dilute	 (0.5%)	SiH4	 in	
Helium.		Finally,	in	another	quartz	reactor,	this	Si-coated	/	ZnO	sample	was	exposed	to	vapor	from	
heated	ammonium	chloride	at	500	°C	for	2	hr	was	used	to	etch	the	ZnO	core,	yielding	a	final	product	
of	 Si	 nanotubes.	 Silicon	 oxide	 (SiO2)	 nanotubes	 were	 obtained	 by	 oxidation	 of	 silicon	 nanotubes,	
achieved	by	heating	a	given	SiNT	sample	in	a	quartz	tube	in	an	oxygen	atmosphere	at	700	°C	for	6	hr.	
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